The pH-dependences of the kinetic parameters kcat. and Km for the triose phosphate isomerase reaction were determined in each direction. Apparent pKa values of 6.0 and 9.0 are observed in the dependences of kcat.IKm. The pH-dependences of kcat. are sigmoid, with apparent pKa values of about 6.0. The results are interpreted in terms of a single base on the enzyme providing an efficient proton-shuttling mechanism for the isomerization. published work). This is illustrated in Scheme 1.
The pH-dependences of the kinetic parameters kcat. and Km for the triose phosphate isomerase reaction were determined in each direction. Apparent pKa values of 6.0 and 9.0 are observed in the dependences of kcat.IKm. The pH-dependences of kcat. are sigmoid, with apparent pKa values of about 6.0. The results are interpreted in terms of a single base on the enzyme providing an efficient proton-shuttling mechanism for the isomerization.
One of the many pieces of information relating to the interaction of an enzyme with its substrate is the variation ofthe kinetic parameters with pH. Although pH-dependence results have often been developed to unwarranted conclusions and the meaning of 'apparent' pKa values has been stretched mercilessly, it remains true that the dependence of the rate of enzyme-catalysed reactions on pH is an important parameter that must be accommodated by any complete proposal of mechanism. Some interesting and controversial problems of mechanistic interpretation in recent years have hung on the variation of kinetic and spectroscopic properties with pH, as exemplified by the question of assignment of the apparent pKa values of a-chymotrypsin (Birktoft et al., 1970) , and of papain (Lowe, 1970) . Discussion continues on these matters partly because we have little quantitative information as yet on the macroscopic pKa values of linked (e.g. hydrogen-bonded) systems such as the His-Cys pair in papain or the Ser-Asp-His-Ser quartet in chymotrypsin, but also because the variations in intrinsic pKa of a group on a protein surface are still so ill-defined. For any enzyme the mechanistic details of which are under study, and for which a highresolution crystal structure exists, there is fundamental information to be gained from a knowledge of the pH-dependence of the individual kinetic parameters. These dependences must be consistent with the mechanistic proposals, and must be interpretable in the knowledge of the three-dimensional structure of the enzyme.
For the enzyme under scrutiny here, triose phosphate isomerase, there is an additional reason why knowledge of the pH-dependence is important. When the substrate dihydroxyacetone phosphate, stereospecifically tritiated on C-3, is converted into the product D-glyceraldehyde 3-phosphate, essentially all the 3H is lost to the solvent (Rieder & Rose, 1959) . There is only about 2% transfer of 3H from C-3 of dihydroxyacetone phosphate to C-2 of glyceraldehyde phosphate (S. G. Maister & J. Herlihy, unVol. 129 published work). This is illustrated in Scheme 1.
Since kca,. for this reaction is about 470s-1/subunit (see Table 1 ), the 2% of 3H transfer requires that the rate of dissociation of the enzyme conjugate acid (B-T in Scheme 1) must be at least 50x470s-1; i.e., 23 500s-1. Now, Eigen (1964) (Putman et al., 1972 al., 1972) . After incubation for 5min at room temperature, the enzymes were dialysed exhaustively against 13mM-triethanolamine-HCI buffer, pH7.5, at 4°C. This removes both the excess of inactivator and the (NH4)2SO4 in which the enzymes are stored.
NADI and NADH. These were obtained from Sigma Chemical Co. An extinction of 6.22 x 10M'1 cm-' for NADH was assumed (Horecker & Kornberg, 1948) .
Dihydroxyacetone phosphate dimethyl ketal. This was prepared as the bis-monocyclohexylamine salt as described by Ballou & Fischer (1956) . It had m.p. 183°C [Ballou & Fischer (1956) give 183-185°C]. T.l.c. on cellulose plates in methanol-pyridinewater-NH3 (4:2:2:1, by vol.) showed a single phosphate-containing component (Hanes & Isherwood, 1949 With dihydroxyacetone phosphate as substrate, the cuvette contained: buffer solution (I0.1); EDTA (5mM); sodium arsenate (6mM); NAD+ (1mM); Dglyceraldehyde 3-phosphate dehydrogenase (0.17mg/ ml); dihydroxyacetone phosphate (0.2-2.0mM); and triose phosphate isomerase (40ng/ml) to initiate the reaction. The total volume was 3ml. Dihydroxyacetone phosphate is normally stored at pH4.5, and the pH was raised to that of the experiment before use. Solutions of dihydroxyacetone phosphate were found to be stable at pH9.0 and 0°C for at least 21 h. At the pH extremes (less than pH 6.5 or greater than 9.8) twice the concentration of coupling enzyme mentioned above was used. For experiments at pH9.82 and 9.86, the isomerase concentration was raised to 81 ng/ml.
With glyceraldehyde phosphate as substrate, the cuvette contained: buffer solution (I0.1); EDTA (5mM); NADH (0.2mM); a-glycerophosphate dehydrogenase (0.017mg/ml); D-glyceraldehyde 3-phosphate (0.2-1.0mM); and triose phosphate isomerase (lng/ml) to initiate the reaction. The total volume was 3ml. The pH of stock solutions of DLglyceraldehyde 3-phosphate was raised to that of the run before use. For experiments above pH8.63, the concentration of oc-glycerophosphate dehydrogenase was 0.034mg/ml, and above pH9.0 it was 0.068mg/ ml.
Initial rates were measured at each substrate concentration from the appearance or disappearance of NADH, measured at 340nm. The pH values of the reaction mixtures were determined after completion of each experiment.
Calculation ofkineticparameters. The kinetic parameters kcat. (7.6,g/ml) was incubated for 6h at 38°C in buffers ofappropriate pH, after which the remaining enzymic activity was assayed at pH7.5. The extremes of pH used in kinetic measurements were 5.37 and 9.86, and at these pH values, negligible catalytic activity is lost (this is true even at enzyme concentrations of 40ng/ml) during the time of a kinetic run (between 5 and 10min at 30°C).
Validity of the coupled-enzyme assays
To test that the observed rates of production or oxidation of NADH truly represent the rate of the triose phosphate isomerase-catalysed reaction, the variation in initial rate with concentration ofcoupling enzyme was determined. When conditions were found under which the overall reaction was limited by the isomerase reaction, this was further checked by studying the initial rate as a function of isomerase concentration at the highest concentrations of substrate to be used in the kinetic runs.
Results for the variation of the rate of dihydroxyacetone phosphate isomerization as a function of glyceraldehyde phosphate dehydrogenase concentration are shown in Fig. 2(a) , and as a function of isomerase concentration at high substrate concentrations, in Fig. 2 Conca. of triose phosphate isomerase (ng/ml) Fig. 2 Tables 1  and 2 . From plots of kpat./Km versus pH (Fig. 4) , apparent pKa values of 6.05 and 9.05 (with dihydroxyacetone phosphate as substrate) and of 6.0 and 9.2 (with glyceraldehyde phosphate as substrate) are observed. Corresponding plots of kat.
versus pH (Fig. 5) (Warburg & Christian, 1943; Beisenherz, 1955 (Fig. 5 ) and k-h is 0.087s-' at 20°C (Trentham et al., 1969) , so kcat.k-h is about 50000. It is commonly assumed that the L-enantiomer has no effect on the assay, and is not a significant inhibitor. Certainly L-oc-glycerophosphate does not inhibit the enzyme, whereas the D-enantiomer does (KL 0.115mM; Burton & Waley, 1968) . The agreement between the equilibrium constant determined directly starting from dihydroxyacetone phosphate, and that determined from the individual kinetic parameters by using the Haldane relationship (Burton & Waley, 1968; Putman et al., 1972) , does not necessarily confirm the assumption that the unnatural L-isomer of glyceraldehyde phosphate is without effect on the kinetic parameters for triose phosphate isomerase, even though this isomer is not present in the determination of equilibrium constant. If the L-isomer is a competitive inhibitor of the enzyme and is always equimolar with initial substrate concentration, the value of kcat.IKm (used for the Haldane relationship), is unchanged. Direct evidence that it is justified to neglect the presence of L-glyceraldehyde phosphate comes from the near-identity of Km values for DLglyceraldehyde phosphate and its optically pure Denantiomer (S. J. Putman, unpublished work).
It was noticed by Burton & Waley (1968) that under the normal conditions of assay with dihydroxyacetone phosphate as substrate, the arsenate ion present competitively inhibits the isomerase and leads to an erroneously high Km value, and a consequent error in the overall equilibrium constant determined from the Haldane relationship. The possibility that the inhibition by arsenate is pH-dependent is unlikely, since the two relevant pKA values for arsenate are 6.77 and 11.53 (Bjerrum et al., 1957) . The upper value is outside the pH range of the kinetic measurements reported, and the lower value occurs in a pH region where Km is constant for the reactions in each direction (see Fig. 6 ). It should be noted that sulphate ion is also an inhibitor of triose phosphate isomerase (Turner et al., 1965) and it is important to remove this ion from the coupling dehydrogenases that are normally supplied as (NH4)2SO4 suspensions.
pH-dependence
The pH-dependences of kcat.IKm for the triose phosphate isomerase-catalysed reaction in each direction are shown in Fig. 4 . These follow the theoretical titration curves for two groups reasonably closely. Tables 1 and 2 . The possibility of specific buffer effects in a pH-dependence study is normally unavoidable, and puts a limit on the precision of the apparent pKA values derived from such results. From Fig. 4 , pKA values of 6.05 and 9.05 (with dihydroxyacetone phosphate as substrate) and 6.0 and 9.2 (with glyceraldehyde phosphate) are observed. It has been pointed out by Peller & Alberty (1959) Fig. 4 indicates the near-identity of the pT, values at 6.0 for reaction in the forward and reverse directions, which is expected for an ionization of the enzyme, since microscopic reversibility demands that the same groups on the enzyme are involved in both forward and reverse reactions. Further, as is discussed below, the actual pKa of the active-site carboxyl group of triose phosphate isomerase has been shown to be about 6 (Waley, 1972) .
The pH-dependences of k¢,,. are shown in Fig. 5 , and arise from ionizations in enzyme-substrate complex(es). The pK,, values are 6.05 and 5.9 for reaction in the two directions, and are close to those shown by kcat.IKm. If the Peller & Alberty (1959) treatment is applicable, then the enzyme group responsible for the apparent pKA around 6.0 in the free enzyme is not significantly perturbed on substrate binding.
From the observation that after complete conversion of specifically tritiated [3-3H]dihydroxyacetone phosphate into glyceraldehyde phosphate (and thence, by the coupling dehydrogenase, into 3-phosphoglycerate), some 2% of the 3H label has been transferred to C-2 of the product (S. G. Maister & J. Herlihy, unpublished work), it is likely that a single base on the enzyme is responsible for the shuttling of protons between C-2 and C-3 ofthe triose phosphates. It is conceivable that the intra-complex proton transfer does occur by the 'handing on' of the particular proton fromn one enzyme base to another. Even in non-enzymic reactions, intramolecular 1,3 and 1,5 1972 proton migrations have been observed, and termned 'conducted-tour' mechanisms (Cram et al., 1966) . However, the assumption of a single enzymic base has the benefit ofmechanistic and structural economy, and the possibility that the catalytically functional base is a carboxylate group of a glutamic acid residue (de la Mare et al., 1972) would allow for an efficient proton-shuttling mechanism. Whichever substrate were presented to the enzyme, a basic carboxylate oxygen could be well placed for abstraction either of a C-2 proton from glyceraldehyde phosphate, or a C-3 proton from dihydroxyacetone phosphate. It is tempting to ascribe the lower apparent pKa value of around 6 observed in the free enzyme to this carboxylate base. In the light of the arguments in the introduction, the strength of this conjugate acid (of pKa above 6) would be just enough to account for the rapid rate of exchange of 3H between C-3 of dihydroxyacetone phosphate and the solvent. As pointed out above, the rate of 3H exchange with solvent demands an enzyme conjugate acid with a pKa no higher than 6. These arguments are strengthened by the observation of Waley (1972) from modification experiments that the actual pKa of the active-site carboxyl group in triose phosphate isomerase is about 6.
The upper pKa value of about 9 cannot be assigned at this time. Three possible roles for an enzyme group ionizing in this region can be postulated. First, the specificity of the enzyme and the competitive inhibition shown by phosphate esters as well as by Pi, arsenate and sulphate, suggest the existence of a cationic locus at the active site that could well be provided by lysine or arginine residues. Deprotonation of a lysine residue would presumably lead to loss of substrate-binding capacity and result in the fall of kcat.fKm at high pH values. Secondly, the remarkable efficiency of the proton-abstraction step, which for glyceraldehyde phosphate is faster than the turnover rate of 4700s-1 (Knowles et al., 1971) , suggests by analogy with aldolases of both class I and class II (Rutter, 1964) is not supported by the observation (Fig. 5 ) that the kcat.-pH profile is sigmoid, the fall in catalytic activity at high pH arises essentially entirely from a rise in Km (Fig. 6) . However, until the pH-dependence of Kg for some competitive inhibitors is known, detailed consideration of this aspect of the pHdependences must be deferred. Previous work on the pH-dependence of triose phosphate isomerase-catalysed reactions has been scanty. Oesper & Meyerhof (1950) reported that the catalytic activity of the calfmuscle enzyme is constant between pH7 and 8, and decreases to half its maximum value at pH6.3. The pH-activity curves for isomerase from pea seedlings (Turner et al., 1965) and from pea leaf (Anderson, 1971) are in rough agreement with this, though the algal enzyme shows a sharp optimum at pH7.5 (Meeks et al., 1968) . However, Wolfenden (1970) This value agreed with that obtained for the pHdependence ofthe binding ofthe powerful competitive inhibitor 2-phosphoglycollate to the enzyme. The rabbit muscle enzyme was used in this study, and although the pH-range studied (5.5-9.0) was narrower than that in the present work, it seems unlikely that a difference of 1.3 pK units in the lower pKa of kcat.I Km could be due to the species difference between the isomerases used. No reason for this discrepancy is immediately apparent. [Dr. R. Wolfenden (personal communication) writes that kinetic constants, similar to those originally reported by him, have been obtained again with triose phosphate isomerase from rabbit muscle, but at substantially lower pH values. The results are consistent with a revised pKa in the neighbourhood of 6.6 for therabbit muscle enzyme in 0.05M-imidazole-HCl buffer at 25°C. The original results can only be explained by an error in the buffer used as a standard for pH determinations.] In summary, the pH profiles for kcat.IKm for the forward and reverse reactions catalysed by triose phosphate isomerase show apparent pKa values of about 6.0 and 9.0. The kc,t.-pH profiles are sigmoid, with apparent pKa 6.0. The near identity of the kcat. profiles, and the existence of a small amount of transfer of protons from C-3 of dihydroxyacetone phosphate to C-2 of glyceraldehyde phosphate, is consistent with a single base on the enzyme being responsible for proton abstraction and proton donation to carbon centres. This would provide an effective proton-shuttling mechanism, between the C-2 and C-3 carbon atoms on one side of the substrate. The lower pKa of 6.0 can tentatively be assigned to the enzymic base responsible for proton abstraction from carbon, probably the glutamic acid residue identified by chemical labelling (de la Mare et al., 1972; Waley, 1972) , this group being fairly accessible to solvent, and having a pKa value consistent with the upper limit set by 3H transfer experiments.
